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SUMMARY
Sustained virological response (SVR) to antiviral therapy for hepatitis C (HCV) reduces risk of 
hepatocellular carcinoma (HCC), but there is little information regarding how treatment failure 
(TF) compares to lack of treatment. We evaluated the impact of treatment status on risk of HCC 
using data from the Chronic Hepatitis Cohort Study (CHeCS–an observational study based in four 
large US health systems, with up to 7 years of follow-up on patients). Multivariable analyses were 
used to adjust for bias in treatment selection, as well as other covariates, followed by sensitivity 
analyses. Among 10 091 HCV patients, 3681 (36%) received treatment, 2099 (57%) experienced 
treatment failure (TF), and 1582 (43%) of these achieved sustained virological response (SVR). 
TF patients demonstrated almost twice the risk of HCC than untreated patients [adjusted hazard 
ratio (aHR) = 1.95, 95% confidence interval (CI) 1.50–2.53]; this risk persisted across all stages of 
fibrosis. Several sensitivity analyses validated these results. Although African Americans were at 
increased risk of treatment failure, they were at lower risk for HCC and all-cause mortality 
compared to White patients. SVR patients had lower risk of HCC than TF patients (aHR = 0.48, 
CI 0.31–0.73), whereas treatment – regardless of outcome – reduced all-cause mortality (aHR = 
0.45, CI 0.34–0.60 for SVR patients; aHR = 0.78, CI 0.65–0.93 for TF patients).
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INTRODUCTION
The benefits of sustained viral response (SVR) to hepatitis C antiviral therapy are well 
established. Many studies have confirmed that patients who achieve SVR are at reduced risk 
of hepatocellular carcinoma (HCC) compared to patients who do not receive treatment and 
those who do not achieve SVR. However, despite the high failure rate of interferon-based 
treatments (30–60%) [1], there are few reports that include comparisons of HCC risk 
between those who fail to achieve SVR – that is, ‘treatment failure’ (TF) patients – and 
untreated patients [2–7].
Among the few studies that include a third comparison group, results are contradictory. Most 
found no significant difference in rates of HCC between TF and untreated patients [3,4,6,7]; 
however, several of these [4,6] were hampered by small sample sizes (300–600 patients), 
which may have been insufficient to detect an effect. One study, limited to patients with 
compensated cirrhosis, found that TF reduced risk of HCC [2]. Conversely, a 1999 report 
found that ‘nonresponders’ were at significantly higher risk of HCC than untreated patients 
[5]. Notably, only one of these studies was performed in the United States [3] – a clinical 
trial that was limited to previous nonresponders. Such studies may not be generalizable to 
the diverse US population. For example, African Americans are at increased risk of HCV, 
less likely to receive treatment, and at greater risk of treatment failure than White patients; 
the persistence of such disparities underscores the importance of characterizing this risk in a 
diverse ‘real-world’ cohort.
The Chronic Hepatitis Cohort Study (CHeCS) is the first US study to characterize a diverse 
general population of over 10 000 HCV-infected patients. Although interferon-free regimens 
– including highly effective and well-tolerated direct-acting oral agents (DAAs) [8] – are 
transforming the landscape of HCV antiviral treatment, understanding the long-term impact 
of interferon therapy in the ‘real world’ will improve care for patients in the future. Our 
objective was to evaluate the impact of antiviral treatment on rates of hepatocellular 
carcinoma (HCC) in a large observational cohort with three groups –SVR, TF, and untreated 
patients.
METHODS
Study population
CHeCS [9] is a retrospective/prospective, observational multicentre study that includes 
patients from four large health systems. The study follows all guidelines of the US 
Department of Health and Human Services regarding the protection of human subjects; 
protocols are reviewed annually by the institutional review board at each site. CHeCS study 
methods have been previously described [9].
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For each patient, observation commenced at an index date, defined as the latter date of either 
HCV diagnosis or initiation of first antiviral HCV treatment. This permitted sufficient 
follow-up to observe possible effects of treatment failure in patients receiving multiple 
courses of antiviral therapy. Patients were excluded if they were co-infected with HBV, were 
receiving ongoing HCV antiviral therapy, had completed therapy but had insufficient follow-
up, had received a liver transplant prior to the index date, or had ever enrolled in an HCV 
antiviral clinical trial.
Adjustment for differences between treatment groups
Anticipating that treated and untreated patients would differ by pretreatment characteristics, 
we collected extensive electronic health record (EHR) data on baseline demographic and 
clinical variables (Table 1), including HIV co-infection, HCV genotype Oxford comma 
improves clarity, particularly in this instance. From this list, only laboratory test results were 
used for imputation of FIB4. and laboratory test results for imputation of the Fibrosis-4 
(FIB4) score classified into one of three validated categories: ≤1.21; 1.21>5.88; >5.88) [10]. 
We calculated the Charlson/Deyo comorbidity index [11] from ICD-9 codes for 1 year prior 
to the index date. We also used ICD-9 and CPT-4 codes to assess contraindications to 
therapy (detailed in Table S1).
Propensity scores (PS) and inverse probability of treatment weighting [IPTW] [12] were 
estimated based on seventeen baseline covariates, using logistic regression to adjust for 
treatment selection bias [13].
Antiviral HCV therapy and its response
Routine viral RNA quantification data were obtained from the EHR. Patients were classified 
as having achieved SVR if RNA results ≥12 weeks’ post-therapy showed undetectable viral 
loads. Patients’ treatment/response status – treated with SVR, treated without SVR 
[‘treatment failure’ (TF)], or untreated – was considered a time-varying covariate.
Outcomes of interest
Patients were followed from their index date through 31 January 2013. Time-to-event 
outcomes included HCC, other cancer (excluding skin cancer), or death. Patients with 
outcome events occurring <6 months post-index were excluded to avoid possible prevalent 
conditions and possible misattribution of effects. Patients were followed until the outcome 
event or were censored at last observation within 15 years post-index date. Primary cancer 
diagnoses were ascertained using the Heath Care System Research Network tumour registry 
database [14]. Tumours were classified as primary liver cancer (HCC) or nonliver cancer 
based on ICD-O-3 codes. To assess screening bias, we collected information on HCC 
screening based on the presence of procedure codes for abdominal imaging (ultrasound, CT, 
or MRI). Death was ascertained by EHR data and a search against either national or state 
death indices. Use of all-cause mortality was based on our recent work showing that liver-
related mortality is under-reported [15].
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Statistical analysis
Baseline patient characteristics were compared between treatment groups using logistic 
regression.
We used Cox regression adjusted for IPTW to test the effect of time-dependent treatment 
variables, with estimation of adjusted hazard ratios (aHR) and 95% confidence intervals (CI) 
for each outcome of interest. Unadjusted Kaplan–Meier survival curves were used for data 
illustration. A similar approach was used to study baseline covariate effects, which included: 
baseline age; sex; race; HCV genotype [GT]; Charlson/Deyo index; diabetes diagnosis; 
recent drug/alcohol abuse; HIV status; and FIB4. Any variable with univariate effects was 
considered a candidate for initial multivariable modelling. Covariate-by-treatment 
interactions were considered if there was a univariate effect. The final model retained 
treatment variables, baseline variables, and possible treatment-by-covariate interactions with 
P values <0.05. Study site was used as a stratification variable for all analyses.
Primary results were based on the entire cohort to ensure study integrity. To address 
limitations inherent to observational studies, several sensitivity analyses were performed, 
including: (i) a one-to-one treated/untreated matched cohort [16]; (ii) the subgroup of 
patients with available FIB4 data at index (to eliminate ‘FIB4 unknowns’); (iii) exclusion of 
patients with SVR responses, to validate the TF effect. We also performed a fourth 
sensitivity analysis in which several important treatment and prognostic factors were 
removed from the PS weighting to assess whether there were changes in effect estimates, a 
strategy that addresses unmeasurable confounders [17]. Finally, a multiple imputation 
strategy [18,19] was performed to impute unknown baseline variables.
RESULTS
Characteristics of the study population
Our analytic sample included 10 091 of the 11 276 confirmed HCV patients our cohort. We 
excluded 1185 patients for enrolment in a clinical trial (n = 264), ongoing therapy (n = 367), 
HBV co-infection (n = 155), or cancer ≤6 months’ post-index/insufficient follow-up (n = 
109); these criteria were not mutually exclusive. Among the analytic sample, 3681 (36%) 
were treated, 2844 received a single course, and 837 received more than one course of 
therapy. Median course duration was 11 months. Of the 3681 treated patients, 1582 (43%) 
achieved SVR (Table S.2a). Median follow-up was 6.9 years (interquartile range 3.6–10.5 
years). We observed 351 HCC (3.5%), 456 nonliver cancer (4.5%), and 1074 death (11.0%) 
events (Table S.2b). Estimated median time from infection to first treatment was 1.6 years 
(interquartile range 0.3–5.9 years).
Table 1 displays patient baseline characteristics. We initially observed differences in 
likelihood to receive treatment by most baseline variables. After IPTW adjustment, all 
baseline covariates were well-balanced; these adjustments were included in outcome 
analyses.
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Effects of treatment and SVR
A significant effect of treatment on HCC was detected in both univariate (Table S.2c) and 
multivariate analyses after IPTW (Table 2). Patients with TF had almost twice the risk of 
HCC than untreated patients (aHR = 1.95, CI 1.50–2.53). Notably, this was true even though 
screening rates were lower in the treated vs untreated groups (0.23 vs 0.28 overall 
screenings/person-year). Sensitivity analyses demonstrated consistent effects of TF on risk 
of HCC (Table 2).
Patients who achieved SVR had lower risk of HCC (aHR = 0.48, CI 0.31–0.73) than patients 
with treatment failure. There was also a significant difference (P=0.01) between treated and 
untreated patients in HCC stage; treated patients were more likely to be diagnosed at an 
earlier stage than untreated patients (local: 65% treated vs 50% untreated; regional: 19% 
treated vs 26% untreated; metastatic: 2% treated vs 7% untreated). No interaction was found 
between treatment/response and fibrosis category for risk of HCC, indicating that treatment 
was influential across all fibrosis categories.
As shown in other studies [20], treatment reduced risk of all-cause mortality – regardless of 
SVR (SVR: aHR = 0.45, CI 0.34–0.60; TF: aHR = 0.78, CI 0.65–0.93) (Table 2, Fig. 1). 
Again, no interaction was found between treatment/response and fibrosis category for all-
cause mortality. Similar treatment effects on mortality were observed in the sensitivity 
analyses (Table 2B).
Additional risk factors
Compared to a baseline FIB4 score of <1.21, scores of 1.21–5.88 and >5.88 were 
independent risk factors for both HCC and death (Table 2, Fig. 2). HCV genotype (GT) 3 
patients demonstrated increased risk of HCC than GT1 patients (aHR = 1.60, CI 1.04–2.44); 
there was no genotype effect on nonliver cancer or death (Table 2, Fig. 3). Men were at 
higher risk of both HCC (aHR = 2.31, CI 1.59–2.85) and death (aHR = 1.53, CI 1.29–1.83; 
Table 2).
African American patients had a higher risk of nonliver cancers than whites (aHR = 1.83, CI 
1.29–2.59), but lower risk of HCC (aHR = 0.53, CI 0.38–0.74) and death (aHR = 0.69, CI 
0.53–0.89). Privately insured patients demonstrated reduced mortality (aHR = 0.58, CI 0.45–
0.75) independent of treatment. As expected, age was a risk factor for all outcomes (Table 
2). Diabetes had a significant effect on risk of HCC (aHR = 1.65 CI 1.09–2.49, Table 2, Fig. 
4). Substance abuse was a risk factor for death (aHR = 1.48 CI 1.08–2.04, Table 2). HIV had 
a significant effect on risk of non-HCC cancer (aHR = 2.33, CI 1.19–4.55, Table 2).
DISCUSSION
We found that patients who received antiviral treatment but failed to achieve sustained 
virological response were significantly more likely to develop HCC than untreated patients 
(aHR = 1.95, CI 1.50–2.53), despite the fact that HCC screening rates were lower in treated 
than untreated patients. It is not clear why treatment failure increases HCC risk. At least one 
study has noted that TF patients experience higher rates of fibrotic progression than 
untreated patients [21], suggesting that treatment failure may accelerate fibrotic progression 
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(a known risk factor for HCC). It is also possible that minority variants emerging after TF 
[22] may also contribute to development of HCC. Due to the observational nature of our 
study, we cannot offer mechanistic explanations for our finding. However, consistent results 
across five sensitivity analyses indicate that this finding is robust. In particular, our findings 
were similar after IPTW adjustment for treatment selection bias (the two-group comparison 
sensitivity analysis); we also found only negligible difference in hazard ratios between the 
last sensitivity analysis (which removed several key variables) and the main analysis (Table 
2). These results indicate that unmeasurable confounders are unlikely to have influenced our 
findings [17].
As noted in previous studies, we found that SVR reduced risk of HCC across all levels of 
fibrosis [10]; this effect remained significant regardless of known risk factors. Advanced 
fibrosis and cirrhosis increased risk of HCC by roughly 5- and 27-fold, respectively, 
regardless of treatment status. Although African Americans were at increased risk of 
treatment failure, they were at lower risk for HCC and all-cause mortality compared to 
White patients; this is consistent with results from a large VA-based study [23]. Finally, we 
found that diabetes is an independent risk factor for HCC, consistent with studies in non-
HCV populations [24].
GT3 patients had twice the risk of HCC (but not a higher risk of death) than GT1 patients, a 
finding also reported in other cohorts [25,26]. Notably, we found that GT3 was associated 
with HCC independent of diabetes. These findings assume importance in the light of recent 
estimates that GT3 is the second most prevalent genotype globally [27], as well as recent 
studies that show it to be the most difficult to treat of all HCV genotypes [28–30].
Neither treatment nor achievement of SVR resulted in lower rates of nonliver cancers, 
although HIV infection was an independent risk factor for non-HCC cancer. This finding is 
not unexpected; previous studies have shown that HIV raises the risk of several types of 
cancer with known infectious causes [31].
SVR reduced the risk of all-cause mortality by 55% vs lack of treatment and by 42% vs 
treatment failure. This confirms our previous finding that SVR reduced risk of all-cause 
mortality in a cohort of treated patients with advanced fibrosis [25]. We also found that 
treatment (regardless of SVR) consistently reduced risk of all-cause mortality across FIB4 
categories and all sensitivity analyses.
Although confounding is always a challenge in observational research, we designed our 
study by following guidance from Stuart et al. [32] and the STROBE Statement [33] to 
ensure that appropriate inferences could be drawn and that results would be reliable. We also 
performed a number of analyses to account for treatment selection bias (propensity score 
calculations), unmeasurable covariates (sensitivity analyses) [17], and missing data 
(subgroup analysis and sensitivity analysis using multiple imputation). We also conducted a 
subgroup analysis with a two-treatment group comparison (TF vs untreated) to confirm the 
TF effect. Based on consistent results from these analyses (see details in Tables S2–6), we 
are confident in our estimated treatment effects and that unobserved confounding did not 
significantly influence our results [17].
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Duration of HCV infection in this population is estimated. However, we used several levels 
of data to confirm first indication of infection/date of diagnosis, including: (i) patient self-
report; (ii) medical chart abstraction; (iii) EHR-based HCV medication prescriptions/fills; 
and (iv) ICD9/CPT codes from the EHR.
In conclusion, patients who fail interferon-based therapy demonstrate a higher risk of HCC 
than untreated patients, possibly due to interferon-related acceleration of fibrosis in the 
absence of successful viral eradication. Regardless of whether this finding reflects an 
impaired innate immune responsiveness or an interferon-mediated acceleration of fibrosis, 
we suggest that such treatment failure patients may represent a cohort of individuals for 
whom retreatment with new, highly effective direct-acting all-oral antiviral therapies should 
become a priority.
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Fig. 1. 
Kaplan–Meier analysis: Overall, HCC-free and non-HCC cancer-free survival by response 
to HCV antiviral treatment.
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Fig. 2. 
Kaplan–Meier Analysis: Overall, HCC-free and non-HCC cancer-free survival by FIB4 
Score Category.
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Fig. 3. 
Kaplan–Meier analysis of overall survival, HCC-free and non-HCC cancer-free survival by 
HCV genotype.
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Fig. 4. 
Kaplan–Meier analysis of overall survival, HCC-free and non-HCC cancer-free survival by 
presence of diabetes.
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